Clinical isolates of Pseudomonas aeruginosa from severely burned patients were analyzed with regard to their capacity to induce inflammatory-mediator release from rat mast cells or human granulocytes. The bacterial strains were characterized according to their cell-associated hemolysin activity as well as their secreted hemolysin and phospholipase C activities. P. aeruginosa expressing heat-labile hemolysin and phospholipase C induced histamine release from rat mast cells and leukotriene formation from human granulocytes, while bacterial strains expressing heat-stable hemolysin were potent releasers of histamine but did not lead to leukotriene formation. The mediator-inducing capacity was dependent on the growth characteristics of the bacterial strains. The purified glycolipid (heat-stable hemolysin) of P. aeruginosa was a potent inducer of histamine release but did not initiate leukotriene formation. Exotoxin A did not affect inflammatory-mediator release. P. aeruginosa with leukotriene-inducing capacity also enhanced omega oxidation of endogenous leukotriene B4, suggesting an additional inactivation of the chemotactic potential. Our data suggest that both hemolysins of P. aeruginosa contribute to the pathogenicity of P. aeruginosa by inducing and modulating inflammatory-mediator release from various cells.
Pseudomonas aeruginosa is frequently involved in nosocomial infections. Patients suffering from tumors, extensive burns, or mucoviscidosis and patients under immunosuppressive therapy are prone to P. aeruginosa infections (27, 31, 32, 34) . The concomitant septicemia results in a high lethality rate. Recent research has focused on the pathogenicity of P. aeruginosa infections. A variety of virulence factors have been described, but the roles of the individual factors are still unclear. Among these are cell-associated factors (e.g., lipopolysaccharide, pili, outer membrane proteins, and mucus) and extracellular toxins such as exotoxin A, proteases, hemolysins, exotoxin S, lipase, leukocidin, and cytotoxin (2, 6, 13, 15, 16, 19, 20, 23, 26, 28) . Exotoxin A represents an ADP-ribosyltransferase which inactivates elongation factor 2 and inhibits protein biosynthesis (19) . Exotoxin A is the most toxic protein produced by P. aeruginosa, and its role in several disease processes has been demonstrated (30, 32, 41) . It is cytotoxic for a variety of cell systems and modulates immunological cell functions (6, 18, 33, 43) . P. aeruginosa produces two different hemolysins: a heatstable hemolysin and a heat-labile protein identified as a 78-kilodalton protein with phospholipase C (PLC) activity (5, 20) . Heat-stable hemolysin is a group of glycolipids with detergent-like actions which inhibit ciliar movement and enhance the enzymatic activity of PLC (17, 24) . PLC is produced in high concentrations from strains isolated from urinary tract infections and blood cultures (42) . Furthermore, PLC affects pulmonary surfactant, causes immunological reactions when added locally into mice, and interacts with several cell types, e.g., platelets (3, 14, 41) . * Corresponding author.
In the course of a bacterial infection, granulocytes and mast cells represent the first line of defense. The release of inflammatory mediators is one of the major functions of these cells (22) . Preformed mediators are histamine, heparin, and chemotactically active peptides. Histamine induces bronchoconstriction and increases vascular permeability. Newly generated mediators consist of leukotrienes, prostaglandins, thromboxane, and the platelet activating factor. The biosynthesis of leukotrienes is initiated by the enzymatic oxidation of arachidonic acid (5-lipoxygenase), which leads to the formation of leukotriene A4 (LTA4). LTA4 may be hydrolyzed to LTB4 or conjugated with glutathione to produce LTC4. The sequential cleavage of the glutathionyl group leads to LTD4 and LTE4. LTB4 is a potent chemotactic factor for granulocytes. LTC4, LTD4, and LTE4 were identified as the slow-reacting substances of anaphylaxis and lead to bronchoconstriction, vasoconstriction, and an increase in vascular permeability (35) . Their role in shock and septicemia has been recently elucidated (10; M. Koller Bacteria and bacterial toxins are potent activators of granulocytes and peritoneal mast cells which lead to the release of histamine and leukotrienes (8, 36, 37 Determination of marker enzymes. The release of lactate dehydrogenase as a marker enzyme for cell viability and of 3-glucuronidase as a marker enzyme for degranulation of azurophile granules was determined as previously described (8) . Enzyme activities were calculated as the percentage of the total enzyme activity available after sonication of unstimulated PMNs (107).
Analysis of leukotriene release. The supernatants of stimulated PMNs were deproteinized by addition of 2 ml of methanol-acetonitrile (1:1), overlaid with nitrogen, and frozen at -70°C for 12 h. After centrifugation at 1,000 x g for 15 min, the supernatants were evaporated to dryness in a freeze-dryer, suspended in 0.5 ml of methanol-water (30:70 [vol/vol]), overlaid with nitrogen, and stored overnight at -70°C. The probes were centrifuged (1,000 x g, 15 min), and 0.2 ml was applied to reverse-phase HPLC.
HPLC was performed on reverse-phase columns (4 by 250 mm) packed with Nucleosil (C18) 5-pum particles (MachereyNagel, Duren, Federal Republic of Germany) with a Constametric pump III (LDC-Laboratory Data Control/Milton Roy, Hasselroth, Federal Republic of Germany) and the automatic sample injection module WISP 710B (Waters Associates, Eschborn, Federal Republic of Germany). The column temperature was constantly maintained at 40°C. The absorbance of the column effluent was monitored by using a variable UV detector adjusted to 280 nm. The peak areas were calculated by using a chromatography data system (series 3000; Nelson Analytical, Mannheim, Federal Republic of Germany). The solvent system was a mixture of phosphate buffer (17 mM This solvent system separated LTB4, its omega-oxidation products, LTC4, and 5S,12S-DiHETE simultaneously. The flow rate was maintained at 1 ml/min. All We then analyzed nine clinical isolates with regard to cell-associated and cell-free hemolysin and PLC activities ( Table 1 ). The bacteria were studied after 6 h of growth, and the bacterial culture supernatants were studied after 24 h of growth. Four strains (B21, B10, 582f, and B18) contained hemolysin activity ranging from 18 to 44%, while five strains (6816A, Bi, B2, B5, and B22) expressed hemolysin activity between 0 and 4%. Within the bacterial culture supernatant, hemolysin activity of the nine strains ranged from 47 to 97%. When bacterium-associated PLC activities were evaluated, the four strains (B21, B10, 582f, and B18) expressed significant activities. PLC activity within the bacterial culture supernatant of the nine strains ranged from 0.14 to 1.21 (E405); high PLC activities were secreted from strains B21, Bi, and B2. No correlation was obtained when the total hemolysin and PLC activities were compared with each other in the bacterial culture supernatant (r = 0.34). Heating of the bacterial culture supernatants for 15 min retained the hemolysin activity to various degrees ( Table 1 ). The culture supernatant of strain B2 showed a reduced hemolysis from 86 ± 5 to 19 ± 1%; hemolysin activity of strain 582f was completely inhibited by heat. These data demonstrate that strain 582f expressed no heat-stable hemolysin, while the other strains secreted the heat-labile hemolysin to various degrees. Strains 6816A, B18, B5, and B22 secreted mainly heat-stable hemolysin into the supernatant. These results suggest the presence of two hemolysins differing in heat sensitivity.
Induction of inflammatory mediators from various cells. Release of histamine and generation of leukotrienes were determined as follows. Washed bacteria (108) of strain 582f obtained at various time points of growth were incubated with rat peritoneal cells (Fig. 2A) . Histamine release was induced with bacteria from the logarithmic growth phase and reached a maximum (27% of total histamine) after 6 h of bacterial growth. The culture supernatant after 8 h of bacterial growth induced 8% histamine release. The culture supernatant obtained after 16 to 20 hours of bacterial growth induced up to 50% of total histamine release. The release occurred under noncytotoxic conditions, as was shown by trypan blue exclusion.
Preliminary experiments had demonstrated that optimal leukotriene induction was obtained with 5 x 108 P. aeruginosa cells (Table 2) . Experiments were then carried out to study the optimal time points of bacterial growth for leukotriene release. For this purpose, P. aer-uginosa cells (5 x 108) of strain 582f obtained from various growth phases (4, 6, 10, and 24 h) were washed and then incubated with human PMNs (107) for 20 min. In addition, 50-plA samples of the bacterial culture supernatants from the various time points were analyzed (Fig. 2B) Our analysis was then extended to nine clinical isolates (Table 3) . Among these isolates, four bacterial strains induced histamine release from 14 from 4.6 + 1.0 to 6.7 ± 0.6 ng, and LTC4 ranged from 1.4 ± 0.6 to 3.2 ± 1.1 ng (Table 3) . The levels of 20-OH-LTB4 exceeded those of 20-COOH-LTB4 by about two-to threefold. Furthermore, the culture supernatants of strains B10 and 582f obtained after 24 h also induced significant amounts of leukotrienes: 4.5 ± 1.0 ng of LTB4 and 2.2 ± 1.0 ng of LTC4 for strain B10 and 4.1 ± 0.8 ng of LTB4 and 1.6 ± 0.3 ng of LTC4 for strain 582f. These strains expressed no or low amounts of heat-stable hemolysin activity. The bacterial culture supernatants of the additional strains did not induce leukotriene formation.
Effect of defined pathogenicity factors from P. aeruginosa on inflammatory-mediator release. The question arose whether the exotoxin A also contributes to mediator release from rat mast cells and human PMNs. To answer this, P. aeruitginosa PAO 1 (exotoxin A+) and PAO Ti (exotoxin A-) were analyzed. Washed bacteria after 6 h of growth expressed insignificant amounts of cell-bound hemolysin (up to 6%) and PLC activities (Table 4) ; however, the bacterial culture supernatants obtained after 24 h of growth induced high histamine release (56 and 57%) and expressed hemolysis up to 73%. Heating did not destroy the hemolysin activity within the bacterial culture supernatant. Neither the bacteria nor the bacterial culture supernatant induced leukotriene formation. Heat-stable hemolysin has been recently identified as heat-resistant glycolipid (20) . The purified glycolipid in concentrations from 2 to 100 jig was incubated with either human PMNs for 20 min or rat mast cells for 60 min (Fig. 5) .
It was apparent that 2 p.g of glycolipid only induced small amounts of histamine, whereas with 10 pxg of glycolipid almost 95 + 4% of the total histamine content was obtained. The cells assayed for viability were trypan blue positive. At the highest concentration of the glycolipid (100 pLg), the release of lactate dehydrogenase from human PMNs increased from 4 to 16%, and the release of 3-glucuronidase increased from 4 to 83%. At no concentration of the glycolipid was leukotriene formation obtained (data not shown).
DISCUSSION
Our data demonstrate that P. aerluginosa produces both heat-stable and heat-labile mediators of histamine and leukotriene release from mast cells and granulocytes. We In the past, Bremm et al. (8, 9) and Scheffer et al. (36, 37) showed that bacteria and various bacterial exotoxins induce activation of granulocytes with subsequent production of leukotrienes. Receptor-mediated as well as non-receptorlinked activation leads to the influx of calcium, the activation of cellular PLC, and the generation of arachidonic acid transformation products.
As is shown here, the pattern of leukotriene release induced by washed P. aeruginosa bacteria or culture supernatants is similar to that observed with the E. coli alphahemolysin (36, 37) . More LTB4 than LTC4 was generated. In comparison, stimulation of PMNs with thiol-activatable toxins induced more LTC4 than LTB4. This fact has been attributed to the release of leukotriene-metabolizing enzymes, which transform the cysteinyl-leukotriene LTC4 into LTD4 and LTE4 (8) . An increase in bacteria to 5 x 108 led to an enhanced generation of omega-oxidation products which exceeded the amount of LTB4 generation.
The heat-stable hemolysin activity, which has been identified as a glycolipid, was detected in bacterial culture supernatants of eight strains. These supernatants and the purified glycolipid were potent activators of mast cells. At higher concentrations, the glycolipid was toxic for the cells. On the other hand, the glycolipid did not trigger cells for leukotriene generation. Only culture supernatants with low hemolysis or without heat-stable hemolysis (strains B10 and 582f) induced leukotriene generation, depending on their PLC activities. The cytotoxic effect of the glycolipid may explain the failure of induction of leukotriene generation by culture supernatants containing both hemolysins.
A great deal of effort has been directed towards analyzing the pathogenicity factors of P. aeruginosa in both in vivo and in vitro models (12, 13, 25, 30, 33, 43) . The PLC of P. aeruginosa was purified by Berk et al. (3), who isolated two different hemolytic and enzymatically active proteins. These enzymes induce in 24 h a wheal and flare reaction which lasts for 7 days. Increasing amounts initiate a necrotic lesion after 2 to 4 days and lead to abscesses (3). PLC induces platelet aggregation and seems to exert cytotoxic effects on macrophages and lymphocytes (3, 14) . When added locally into mice, both enzymes induce paw edema, necrotic lesions, and formation of sterile abscesses (3, 25) .
These findings might be caused by the release of inflammatory mediators. LTB4 is a chemoattractant that supports the accumulation of neutrophil granulocytes. LTC4, one part of the slow-reacting substance of anaphylaxis, is able to enhance vascular permeability leading to hyperemia and edema.
Quite recently it has been shown that perfusion of pig lungs with P. aeruginosa induces the generation of cyclooxygenase products (12). Sordelli et al. (38) found that P. aeruginosa induced accumulation of granulocytes in the lung when aerosolyzed to C5-deficient mice.
Patients suffering from cystic fibrosis complicated by recurrent P. aeruginosa infections showed enhanced levels of leukotrienes in their sputa (29) ; the accumulation of granulocytes in the lungs of these patients is a typical finding during P. aeruginosa infection. These clinical and experimental observations could be evoked by mediators released from inflammatory cells.
The release of inflammatory mediators is a physiological function of mast cells and PMNs. Both histamine and leukotrienes enable the inflammatory response of the host against bacterial infection. Nevertheless the uncontrolled release of these potent factors provokes pathophysiological local (abscess formation and tissue destruction) and systemic (increase of vascular permeability, vasodilatation, and shock) reactions. Therefore, the amount of active inflammatory mediators must be regulated.
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The human neutrophil is a cell that controls the LTB4 concentration in its environment by generating and metabolizing LTB4. After active LTB4 is bound, it is internalized and inactivated by omega oxidation (11 press). The influence of P. aerulginosa with regard to the inactivation of LTB4 by omega oxidation may contribute to the dysfunction of neutrophils and thus facilitate the bacterial invasion. In this regard, PLC-deficient Pseudomonas strains showed a reduced lethality in the burned-mouse model (41) . Furthermore, it has been shown that toxin-pretreated granulocytes of healthy donors revealed an enhanced omega-oxidation capacity for LTB4 compared with non-toxin-treated normal cells (9) .
Exotoxin A is a potent pathogenicity factor of P. aeruginosa. Exotoxin A suppresses T and B lymphocytes (18) , is cytotoxic for macrophages, and inhibits the proliferation of progenitor cells (33) . In addition, exotoxin A induces the proliferation of murine splenocytes and activates cytolytic T lymphocytes (43) . In our studies, exotoxin A-producing and -nonproducing strains did not differ in their capacities to induce histamine release.
Both strains revealed minor or no PLC activity, and their supernatants expressed heat-stable hemolysin, histamine release up to 57%, and no leukotriene generation. PMNs exposed to exotoxin A show structural variation (e.g., pyknosis of nuclei) but no functional impairment (e.g., phagocytosis) (6) . These findings correspond to those of our investigation concerning the interference with the generation of inflammatory mediators.
Thus, out data emphasize that preformed (histamine) as well as newly generated (e.g., leukotrienes) mediators are induced by various pathogenicity factors from P. aeruginosa and that a correlation exists between PLC content and leukotriene induction; in contrast, the glycolipid proved to be a potent and probably toxic inducer for histamine release and exerted its effects by a detergent-like activity. It is obvious that under in vivo conditions a variety of factors (e.g., proteases) may in addition modulate the release of inflammatory mediators. The variety of mediators may contribute to the development of acute and chronic inflammatory responses during P. aeriuginosa infection.
